Surface climate in Europe is changing and patterns in trends have been found to vary at sub-12 seasonal scales. This study aims to contribute to a better understanding of these changes 13 across space and time by analysing to what degree observed climatic trends can be attributed 14 to changes in synoptic atmospheric circulation. The relative importance of synoptic 15 circulation changes (i.e. trends in synoptic type frequencies) as opposed to trends in the 16 hydrothermal properties of synoptic types (within-type trends) on precipitation and 17 temperature trends in Europe is assessed on a monthly basis. The study is based on mapping 18 spatial and temporal trend patterns and their variability at a relatively high resolution (0.5° x 19 0.
single nominal variable and are usually strongly related to a number of local climatic 23 variables including precipitation and temperature (e.g. James, 2007) . They are most 24 commonly characterised by their main large-scale features, cyclonicity and/or location of 25 high-and low-pressure systems. However, their local climatological features may vary. For 26 instance, precipitation has a relatively high spatial variability within the larger-scale 27 atmospheric conditions. Temperature anomalies, on the other hand, are more coherent, but the 28 relation to high-and low-pressure systems varies throughout the year and among regions 29 according to absolute temperature values. 30
The hydrothermal properties of STs have also been found to be non-stationary, in particular 31 during the summer season (e.g. Beck et al., 2007; Jacobeit et al., 2009; Cahynová and Huth, 32 temperature and precipitation. The study period 1963-2001 was chosen due to the availability 23 of a high quality gridded dataset for precipitation and temperature, the Watch Forcing Dataset 24 (Weedon et al., 2011) , and the comparability to previously observed monthly trend patterns in 25
European streamflow (Stahl et al., 2010; 2012) . The work adds to previous studies linking 26 circulation and within-type changes to hydroclimatological variables by using a higher 27 temporal (monthly) and spatial resolution (0.5° x 0.5°) as well as a larger study domain 28 (Europe) . 29
In the following, climate and synoptic type data are described (section 2), as well as the 30 methods for analysing synoptic-circulation-induced trends in precipitation and temperature 31 and trends within wet and dry STs (section 3). Following the results (section 4), the 32 (2011 onwards) in order to obtain a ST series as long and homogenous as possible. A spatial 23 domain is used, which varies as a function of variable and season, covering the eastern North 24
Atlantic and Europe. As in OGWL, the defining variables are correlated against a set of 25 standard seasonally varying base patterns for each type in the original GWL. These base 26 patterns have been significantly improved over James (2007) by optimising their distribution 27 across the phase space of possible synoptic variability. For each synoptic situation, the highest 28 correlating pattern is chosen as the classified GWL-type for that day. Finally, a temporal filterstudies. The trends derived from the reanalysis and bias-corrected precipitation and 23 temperature are hereafter referred to as trends in WFD-precipitation (WFD-P) and WFD-24 temperature (WFD-T). 25 26 3 Methods 27
Trends and trend ratios 28
The extent to which observed trends in temperature and precipitation can be explained bycalculated for each calendar month, m, and cell, i. 

(1) 26
Hence, whereas the synoptic-circulation-induced trends inform whether there is a trend or not 27 due to synoptic-circulation changes, the trend ratio relates this trend to the total trend in 28 1 small trends in WFD, trend ratios are only calculated for grid cells and months where the 2 WFD trend is significant at the 70% significance level. Linear trends are calculated using 3 linear least-squares regression and the t-test is used to test the statistical significance. The 4 rather low significance level is chosen as a compromise between excluding small trends and 5 detecting large-scale regional trend patterns. Trend ratio values of 0 and 1 mean that no, 6 respectively the whole WFD trend can be explained by the synoptic-circulation-induced trend. 7
Values larger than 1 mean that the synoptic-circulation-induced trend is larger than the WFD 8 trend, whereas values smaller than zero imply opposite signs of the trends. This can occur 9 when circulation changes captured by the synoptic-circulation-induced trend and within-type 10 changes have opposite directions. 11
Trends and trend ratios within wet and dry STs 12
To study the processes behind local precipitation and temperature trends further, the 29 STs 13
were combined into groups of dry, wet and average-precipitation STs for each grid cell 14 separately, and P and T trends explained by within-ST-group changes were derived. Local 15 precipitation properties associated with a ST can vary somewhat throughout the year. Here, 16 this seasonal variability is not accounted for, as a consistent grouping for all calendar monthsaverage precipitation STs vary among grid cells. STs are defined as wet (dry), when they on 20 average bring more (less) precipitation than the mean, µ, plus (minus) half a standard 21 deviation, σ, (of all STs) to a grid cell (Eqs. 2 and 3). The remaining STs are considered as 22 average-precipitation STs, hereafter referred to as "average STs" (Eq. 4). 23
Wet STs for cell i: Trends in P (or T) within the groups of wet, dry and average STs are calculated using only the 1 days on which a ST of the respective ST-group occurred. For months when no ST of the 2 considered ST-group occurred, the long-term monthly average WFD-P (or WFD-T) value for 3 this ST-group is assigned, hence obtaining a complete monthly within-ST-group P (or T) time 4
series. This constitutes along with the cell-wise grouping into wet, dry and average STs, a 5 modification of the calculation suggested by Cahynová (2010) . The calculation procedure 6 consists of the following steps: 7 1. For each month, the days with a ST of the considered ST-group are selected and a 8 monthly P (or T) value is calculated using the WFD-P (or WFD-T) data of these days 9 only. 10 2. For the considered ST-group g, a long-term WFD-P (or WFD-T) mean value,
), is calculated for each calendar month, m, and each cell, i. 12 Example: For cell i, the long-term mean P for wet STs in cell i in January, 13 February. In December, there are relatively few significant trends and the trend pattern 27 follows more a south-west to north-east divide (wetter in the West, drier in the East). In 28 August, the decreasing trends in wet STs extend further north than during the winter months, 29 whereas in March the increasing trends in wet STs extend east and southwards. In March, on 30 the other hand, an increase in the frequency of dry STs is seen around the southern part of the In accordance with these changes in ST-frequencies, we find that during our study period a 25 relatively high percentage of both precipitation and temperature trends can be attributed to 26 changes in the atmospheric circulation (by the highest synoptic-circulation-induced trend 27 ratios) during January to March, as well as during the remaining months with strong trends in 28 the frequencies of wet and dry STs (i.e. in June, August, and regionally in September, 29 are mostly associated with no or decreasing temperature trends, with the exception of Iberia in 23 February, where decreasing precipitation trends are accompanied by increasing temperature 24 trends. During the summer months, on the other hand, synoptic-circulation-induced 25 precipitation increases (decreases) are associated with cooling (warming) or no trends 26 throughout Europe. Overall, the relative importance of synoptic-circulation changes appears 27 to be slightly higher for precipitation than for temperature trends. Regionally low or negative 28 synoptic-circulation-induced trend ratios similar show the importance of within-type changes 29 in particular for temperature trends even during the months with strong synoptic-circulation 30 changes. For instance, in south-eastern Europe in January, the influence of synoptic-31 circulation changes on temperature is low, whereas it is high in many other parts of Europe 32 and for precipitation also in the South-East.
Europe during August is in this respect interesting, as normally the proportion of convective 23 precipitation compared to frontal precipitation would be higher during summer. Thus, one 24 could expect precipitation to be less sensitive to circulation changes. The fact that these 25 synoptic-circulation changes occur at the end of the summer season may suggest a memory 26 effect in the system, such as low soil moisture content or high sea surface temperatures. By 27 the end of the summer, these conditions may have become strong enough to force circulation 28 changes. To test this hypothesis, a trend analysis on the monthly frequencies of anticyclonic 29 and cyclonic STs was performed, and indeed, a strong increasing trend in anticyclonic 30 circulation occurrence over Central Europe in August was found (not shown). This is in 31 agreement with, for instance, the results of Hoy et al. (2013a) , who also found increasing 32 frequencies of anticyclonic circulation over Central Europe in summer (mid-July to mid-1 August) during the 20 th century , when studying changes in ST frequencies using 2 a 31-day moving window. Anticyclonic circulation may be caused by land surface feedbacks 3 to the atmosphere during dry and warm summers (Zampieri et al., 2009) . 4
Further work should investigate to which extent these circulation changes in August are 5 indeed feedbacks related to the general warming in Europe in spring and summer and, in 6 particular, to the drying within dry STs in southern Europe. In addition, the wetting and 7 cooling trends in June, associated with both synoptic-circulation changes as well as within-8 type changes, could be related to local or more remote feedback processes, such as changes in 9 snow-cover, sea surface temperatures or sea ice, and should be investigated further. 
Uncertainty 20
Trend ratios as well as the comparison between dry/wet ST-frequencies and climate variables 21 suggest that the relative importance of synoptic-circulation changes on precipitation and 22 temperature trends varies among regions and months. However, some uncertainty issues 23 should be discussed. The mean precipitation fields associated with one ST can differ in 24 strength and exact location, so that the representativeness of the defined wet/dry STs may 25 vary slightly among months. This could in particular affect transition months between winter 26 and summer conditions in spring and autumn. Furthermore, simultaneous changes in ST-27 frequencies and within-type changes may have opposite effects on climate variables, which 28 may disguise their real influence on precipitation (or temperature) in the trend ratios, in 29 particular in regions where the resulting precipitation or temperature changes are non-30 significant. Still, it can be seen from the ST-frequency trends that synoptic-circulation 31 changes are most important during late winter (Jan -Mar), June and August, whereas there 32 are small changes in synoptic-circulation in late spring (Apr -May), July and autumn, 1 particularly October. However, it is important to recall that the monthly synoptic-circulation-2 induced trends (used in the trend ratios) and the definition of wet/dry STs differ in their 3 averaging period. Synoptic-circulation-induced trends consider the long-term mean 4 precipitation values of a ST for each calendar month separately, whereas wet/dry STs are 5 defined based on the annual mean precipitation of each ST. 6
The use of a monthly time resolution implies a higher risk of noise in the results compared to 7 e.g. seasonal studies. On the other hand, the higher resolution shows, that the sub-seasonal 8 variability is important to consider and that monthly differences do not necessarily follow the 9 traditional division into four seasons. Both months and seasons are arbitrary fixed periods and 10 do not necessarily capture the strongest signals occurring at the respective resolution. As 11 such, also differences in trend patterns between consecutive months will be influenced by the 12 temporal resolution and fixed periods chosen. Future studies could consider for instance a 3-13 month or 31-day moving average window as an alternative to fixed seasons or months to 14 better account for the gradual transitions within the annual cycle. 
